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PURPOSE: To estimate and compare the velocity of the fluid at the surface of the 
earth's core for different epochs since 1885. 
RELATED TO: RAND'S research for the National Aeronautics and Space Administration. 
This study is one of a series seeking to improve predictions of the geomagnetic field 
that dominates the radiation belts of the earth. The series is planned to assist in 
estimating magnetic fields likely to be encountered on other planets. Previously 
published studies include RM-5191-NASA, Westward Drift of the Geomagnetic Field and 
Its Relation to Motions of the Earth's Core, December 1966, and RM-5091-NASA, Esti- 
mated Surface Motions of the Earth's Core, August 1966. 
METHODOLOGY AND DISCUSSION: The velocity of the fluid at the surface of the earth's 
core can be determined from the earth's main magnetic field and the secular, or long- 
term, change of the magnetic field with time. These changes are assumed to be due 
to the motion of the fluid, with the magnetic field "frozen" into it. The velocity 
field can be found by numerically solving the appropriate magnetohydrodynamic equa- 
tion. This solution provides a useful approximation, but it neglects the generation 
of secular change caused by radial fluid flow reacting with toroidal fields near the 
core surface. 
In previous studies, the secular-change field was averaged over the 43-year 
period from 1912 to 1955. The method is modified here, and the velocity field is 
determined and compared for several epochs since 1885. The instantaneous secular- 
change field corresponding to the appropriate epoch of the main field is used to 
determine the velocity in greater detail. 
show how the velocity field changes with time and indicate the reliability of the 
velocities derived from the rather inaccurate secular-change fields. 
The results are of interest in that they 
PRINCIPAL FINDINGS: Comparison of the velocity patterns at epochs 1885, 1912, 1933, 
and 1960 shows the same basic feature--an upflow over most of the Southern Hemisphere. 
Probably the most striking feature is the strong, presistent upflow near the southern 
end of Africa. 
The main center of the downflow is found to vary with epoch from the Central Pacific 
to South America to Europe and back to the Central Pacific again. The similarity of 
the 1885 velocity pattern to that of 1960 hints at either a repetition of the pattern 
or a real intermediate change near 1900. A pattern of four rotational cells, corre- 
sponding roughly to geostrophic flow around the vertical flow, seems to persist. 
Again there appears to be a strong similarity between 1885 and 1960. 
with either a negligible or small eastward velocity in midlatitudes of the Northern 
Hemisphere, 
drift of  about 0.20 a year in all latitudes, averaging less than half that value. 
A second, smaller center of upflow occurs in the Southeast Pacific. 
All epochs show a fairly strong westward velocity in the Southern Hemisphere 
These patterns differ considerably from the generally accepted westward 
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PREFACE 
The fluid central portion of the earth contains the generator of 
the earth's main magnetic field. 
it carries with it the magnetic field lines extending to and observable 
at the surface of the earth. We use the motions of the field lines to 
infer the surface motions in the core, which are estimated and compared 
for a number of years beginning in 1885. 
A s  the surface of the core moves about, 
The present study is one of a series seeking to improve predictions 
of the geomagnetic field, which dominates the radiation belts of the 
earth, and to usefully assist in estimating magnetic fields likely to 
be encountered on other planets. 
This work was supported by the National Aeronautics and Space 
Administrat ion. 
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ABSTRACT 
The v e l o c i t y  of the  f l u i d  a t  the su r face  of  the  e a r t h ' s  core  can 
be r e l a t e d  t o  the  magnetic f i e l d  and i t s  secu la r  change a t  t h e  e a r t h ' s  
su r f ace  through hydromagnetic equat ions.  The method w e  developed pre-  
v ious ly  f o r  f ind ing  t h e  v e l o c i t y  i s  b r i e f l y  reviewed, a long  w i t h  a few 
modif ica t ions  -- p r i n c i p a l l y  t h e  use of t he  secular  change f o r  a s i n g l e  
epoch r a t h e r  t han  f o r  a 40-year average,  
epoch 1960 show an upflow i n  southern Af r i ca  and a downflow i n  t h e  
P a c i f i c ,  and four  h o r i z o n t a l  r o t a t i o n a l  ce l l s ,  corresponding roughly 
t o  geos t rophic  flow around t h e  v e r t i c a l  flow. The westward d r i f t  i s  
somewhat smaller than  t h a t  found previously by o the r s .  Comparison of 
t he  v e l o c i t y  p a t t e r n s  a t  epochs 1885, 1912, 1933, and 1960 shows the  
Afr ican  upflow t o  be a s t r i k i n g l y  p e r s i s t e n t  f ea tu re .  
The v e l o c i t y  p a t t e r n s  fo r  
-vii- 
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I. INTRODUCTION 
I n  two previous papers (Vestine and Kahle, 1966; Kahle, e t  a l . ,  
1967) w e  have developed a method for  determining t h e  v e l o c i t y  of  t he  
f l u i d  a t  t h e  su r face  o f  t he  e a r t h ' s  core .  
f l u i d  v e l o c i t y  a t  t he  core boundary i s  s i m i l a r  t o  t h a t  o f  Roberts  and 
S c o t t  (1965). This  v e l o c i t y  i s  found from the  e a r t h ' s  main magnetic 
f i e l d  and t h e  secu la r ,  o r  long-term, change of  t h e  magnetic f i e l d  wi th  
t ime. These changes are assumed t o  be due t o  the  motion of  t he  f l u i d ,  
wi th  the  magnetic f i e l d  "frozen" i n t o  i t  (AlfvLn and Falthammer, 1963). 
The v e l o c i t y  f i e l d  can be found by numerical ly  so lv ing  t h e  appropr i a t e  
magnetohydrodynamic equat ion.  This  s o l u t i o n  i s  a p t  t o  provide a u s e f u l  
approximation, so  long as w e  can neglec t  t h e  genera t ion  of s e c u l a r  change 
caused by r a d i a l  f l u i d  flow r e a c t i n g  wi th  t o r o i d a l  f i e l d s  near  t he  core  
s u r  face.  
The b a s i c  theory of t he  
11 
The method i s  modified somewhat here ,  and t h e  v e l o c i t y  f i e l d  i s  
determined and compared for  s e v e r a l  epochs since 1885. In our previous 
work the  s e c u l a r  change f i e l d  was averaged over t h e  43-year per iod  from 
1912 t o  1955. Now, i n  t h e  hope of determining t h e  v e l o c i t y  i n  g r e a t e r  
d e t a i l ,  w e  use the  ins tan taneous  secu la r  change f i e l d  corresponding t o  
t h e  appropr i a t e  epoch of the  main f i e l d .  
show how t h e  v e l o c i t y  f i e l d  changes wi th  t i m e ,  and t o  g ive  some indica-  
t i o n  of t h e  r e l i a b i l i t y  of  t he  v e l o c i t i e s  der ived  from the  r a t h e r  inac-  
c u r a t e  s e c u l a r  change f i e l d s .  
Th i s  i s  of i n t e r e s t  both t o  
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11. METHOD 
The method of f ind ing  t h e  v e l o c i t y  of t h e  f l u i d  a t  t h e  core  su r face  
i s  b r i e f l y  ou t l ined  here .  
previous paper (Kahle, e t  a l . ,  1967). A b a s i c  equat ion  of magnetohydro- 
dynamics (Cowling, 1956) i s  
A more d e t a i l e d  d i scuss ion  can be found i n  a 
I n  t h e  core ,  t h e  f i r s t  term on the  r ight-hand s i d e ,  t he  t r a n p o r t  term, 
apparent ly  dominates over t he  second, d i f f u s i o n ,  term. Hence w e  have 
t h e  approximat ion  
a B  
at c y c y  - =  - V X ( v X B )  
r' A t  the  sur face  of t he  core  the  r a d i a l  component of  t he  v e l o c i t y ,  v 
must vanish,  s i n c e  w e  assume t h a t  t h e r e  i s  no flow ac ross  t h e  core--  
mantle i n t e r f a c e .  Making the  f u r t h e r  assumption t h a t  t h e  f l u i d  i s  
incompressible (V v = 0), and remembering t h a t  V B 0, w e  can 
express  the r a d i a l  component of  E q .  (2) i n  s p h e r i c a l  coord ina tes  as 
N N 
a Br %+ 
aBr + x -  ++F r s i n  8 a h  
- - =  a t  '(. r 0  c o t  e +  ae 
v a B r  
1"") s i n  8 ah 
(3)  
(Roberts and S c o t t ,  1965; Kahle, e t  a l . ,  1967). 
As before,  w e  express  the  2-dimensional ( h o r i z o n t a l )  v e l o c i t y  i n  
t h e  genera l  form 
VTJ' + 5 x ox V" 
N 
where V 
and x i s  a stream funct ion ,  
r ep resen t s  t he  2-dimensional g r a d i e n t ,  J' i s  a p o t e n t i a l  func t ion ,  T 
We express  bo th  $ and X i n  s p h e r i c a l  
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harmonic s e r i e s  : 
The v e l o c i t y  i s  found by so lv ing  Eq. (3) numerical ly  for  t h e  f l u i d  
v e l o c i t y  c o e f f i c i e n t s  cy n, j3,, An, and B:, accomplished by a l eas t - squa res  
f i t  o f  the  da t a  over t h e  su r face  of t h e  core.  The da ta  c o n s i s t  o f  the  
N B and f i e l d s  measured a t  t h e  sur face  o f  t he  e a r t h ,  expressed i n  
s p h e r i c a l  harmonic s e r i e s ,  and ex t r apo la t ed  down t o  the  core.  
m m m  
The core sur face  v e l o c i t y  der ived i n  t h i s  manner fo r  1960 i s  shown 
i n  F igs .  1 through 4 .  The magnetic f i e l d  da t a  used are those  fo r  the  
main f i e l d  wi th  terms t o  n = 6 f o r  epoch 1960 and for  t he  s e c u l a r  change 
f i e l d  wi th  terms t o  n = 4 f o r  t h e  same epoch, as given by Hendricks and 
Cain (1966). 
F igure  1 shows t h a t  p a r t  o f  the v e l o c i t y  represented  by t h e  p o t e n t i a l  
func t ion  Q. 
t o u r s  of equal  $ can a l s o  be seen t o  i n d i c a t e  t h i s  v e l o c i t y ,  which i s  
always perpendicular  t o  the  contours,  and s t ronge r  where the  contours  
are c l o s e r .  Since t h e  f l u i d  i s  assumed t o  be incompressible ,  t h i s  
p o t e n t i a l  func t ion  a l s o  g ives  us some informat ion  about t h e  v e r t i c a l  
v e l o c i t y .  The sources  (pos i t i ve ,  s o l i d  contours)  and s inks  (nega t ive ,  
d o t t e d  contours )  can be thought of as r eg ions  of upflow and downflow, 
r e s p e c t i v e  l y  . 
The arrows show t h e  ho r i zon ta l  vec to r  ve loc i ty .  The con- 
The r o t a t i o n a l  v e l o c i t y ,  represented  by t h e  stream funct ion  x ,  
can be f u r t h e r  d iv ided  i n t o  two p a r t s :  an east--west v e l o c i t y  ( r o t a t i o n  
about  t h e  poles ) ,  which i s  given by t h e  A' terms of Eq. (5), and t h e  
remainder of the  r o t a t i o n a l  ve loc i ty ,  fol lowing paths  c losed  on t h e  s u r -  
face  of  t h e  core.  Figure 2 shows t h i s  l a t t e r  p a r t  of t h e  v e l o c i t y ,  
bo th  by vec to r  arrows and by contours,  o r  s t reaml ines ,  of x - An. 
t h a t  t h i s  stream funct ion  v e l o c i t y  l i es  along t h e  contours  of x - 
r a t h e r  than  perpendicular  t o  t h e  contours  as does the  p o t e n t i a l  6 .  
Again, t h e  dens i ty  of contour l i n e s  i n d i c a t e s  t h e  s t r e n g t h  of  t he  ve lo -  
c i t y .  






The flow i s  clockwise for  p o s i t i v e  x ( s o l i d  l i n e s )  and counter-  
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F i g .  1 -- I r r o t a t i o n a l  p a r t  of c o r e  s u r f a c e  v e l o c i t y  f o r  epoch  1960. 
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F i g .  2 -- Rota.t iona1 p a r t  of core  su r face  v e l o c i t y  minus the  westwa.rd 
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Figure 3 shows the  east--west v e l o c i t y  as a func t ion  of l a t i t u d e .  
This  should correspond t o  the  well-known westward d r i f t .  
d r i f t  i s  mostly westward, i t  i s  n e i t h e r  cons tan t  ( i n  degrees /yr )  wi th  
l a t i t u d e ,  as i n  most previous determinat ions,  nor i s  i t  as l a r g e  as 
t h a t  found by o the r s .  Figure 4 shows the  t o t a l  v e l o c i t y  a t  the  core  
su r face  f o r  epoch 1960, which i s  the  sum of the  t h r e e  v e l o c i t i e s  given 
i n  F igs .  1 through 3. 
Although t h i s  
I n  our previous explora tory  work, w e  d i d  not  e x t r a p o l a t e  t he  
magnetic f i e l d  and the  secu la r  change f i e l d  a l l  t he  way down t o  t h e  
su r face  of t he  core  a t  r = 3471 km. 
p a t t e r n s  a t  a hypo the t i ca l  core  su r face  a t  r = 4000 km, assuming t h a t  
t h e  genera l  p a t t e r n s  a t  t h a t  depth would be q u i t e  s imi l a r  t o  those a t  
t he  t r u e  core.  
e r r o r  i n  the higher-degree harmonics of t h e  ex t r apo la t ed  magnetic f i e l d s .  
Fur ther  study has  shown, however, t h a t  e x t r a p o l a t i o n  a l l  t he  way t o  t h e  
core apparent ly  does not  change the  va lues  found f o r  t h e  c o e f f i c i e n t s  
of JI and x very much. 
the  v e l o c i t y  p a t t e r n s  a t  the  su r face  of  the  core  (r = 3471 km). 
Ins t ead ,  w e  examined the  v e l o c i t y  
I n  t h i s  way we hoped t o  reduce the  a m p l i f i c a t i o n  of 
Therefore ,  i n  our present  study w e  do examine 
It i s  q u i t e  poss ib l e  t h a t  not  a l l  t h e  observed secu la r  change i s  
due t o  the  magnetic f i e l d  moving wi th  t h e  f l u i d .  The change r e f l e c t e d  
i n  the observed long-term decay of t he  main d ipo le  may be un re l a t ed  t o  
f l u i d  motions. Therefore ,  w e  t r i e d  removing the  average of  t h i s  decay 
from the  dipole  secu la r  change f i e l d ,  l eav ing  t h e  r e s i d u a l  gl, gl, * '  and 
.1 
h terms, plus  a l l  t he  h igher -order  terms. The r e s u l t i n g  v e l o c i t y ,  how- l 
ever ,  was e s s e n t i a l l y  unaf fec ted ,  probably because these  low-order terms 
become r e l a t i v e l y  unimportant when e x t r a p o l a t e d  t o  the  core.  
It should perhaps be mentioned t h a t  t he  whole main magnetic f i e l d  
and t h e  whole secu la r  change f i e l d  are used i n  t h e s e  c a l c u l a t i o n s .  This  
i s ,  of course,  because the  moving f l u i d  i n t e r a c t s  w i t h  t h e  whole magnetic 
f i e l d .  This  method d i f f e r s  from some o t h e r  methods of f ind ing  v e l o c i t i e s ,  
which involve the  r e l a t i o n s h i p  between only t h e  nondipole p a r t  of t h e  
magnetic f i e l d  and the  secu la r  change f i e l d  (Bul la rd ,  e t  a l . ,  1950; 
Yukatake, 1962; Nagata,  1962). Although B u l l a r d ' s  work does g ive  a 
r e l i a b l e  resu l t  fo r  the  westward d r i f t  o f  t h e  nondipole  p a r t  o f  t h e  
magnetic f i e l d ,  i t  i s  only a f i r s t  approximation t o  t h e  a c t u a l  motion of  
-9- 
t h e  f l u i d  a t  t h e  su r face  of t he  core.  Our method r ep resen t s  a h igher  
approximation t o  t h i s  f l u i d  flow. 
ve r s ion  of our method, i n  which the  a d d i t i o n a l  approximations of Bul la rd  
are used t o  determine a pure westward d r i f t .  
main magnetic f i e l d  and t h e  nondipole s e c u l a r  change f i e l d ,  w e  solved 
E q .  (3) a t  the  su r face  of  t he  e a r t h ,  r a t h e r  than  a t  the  su r face  of  t he  
core .  We r e s t r i c t e d  the  v e l o c i t y  t o  a westward d r i f t  component by 
fo rc ing  t h e  da t a  t o  be f i t t e d  with An terms only.  
westward d r i f t ,  as shown i n  Fig.  5, i s  comparable t o  t h a t  found by 
Bul la rd ,  averaging j u s t  l e s s  than  0.2"/yr. 
For comparison w e  used a s i m p l i f i e d  
Using only t h e  nondipole 
0 The r e s u l t i n g  
The t a n g e n t i a l  flow a t  the sur face  o f  t h e  core ,  es t imated  by our  
method us ing  E q .  (3 ) ,  i s  the  flow t h a t  w i l l  genera te  t h e  observed 
s e c u l a r  change a t  t h e  e a r t h ' s  sur face .  
core  f o r  which t h e  su r face  flow i s  f a i r l y  simple.  A f ine-gra ined  sur -  
face  flow conf igu ra t ion  would not  s a t i s f y  a f rozen- f i e ld  concept because 
t h e  magnetic Reynolds number would be small. Even i f  such smal l - sca le  
flow p a t t e r n s  do e x i s t ,  t h e i r  e f f e c t  i n  dBr/dt a t  t h e  e a r t h ' s  su r f ace  
would be almost n e g l i g i b l e  because of  t h e  extreme a t t e n u a t i o n  of s i g n a l s  
by t h e  e l ec t romagne t i ca l ly  conducting mantle.  It should a l s o  be noted 
t h a t  w e  have no t  es t imated  the  flow of f l u i d  ( i f  any) p a r a l l e l  t o  t he  
isomagnet ic  l i n e s  of B a t  t he  co re ' s  su r f ace ,  s i n c e  t h i s  flow f a i l s  r 
t o  c o n t r i b u t e  t o  s e c u l a r  change. 















Fig .  5 
80 
-- 
25 .20 .15 .10 
West 
De g re e s/y ea r 
Westward d r i f t  a t  earth's  surface ,  us 
f i e l d s  and assuming only zonal flow. 
only 
0 
nond . ipole  
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111. VARIATION OF VELOCITY WITH EPOCH 
One a i m  of t h i s  s tudy  i s  t o  compare the  v e l o c i t y  , pa t t e rns  a t  d i f -  
f e r e n t  epochs. For each epoch w e  have found the  v e l o c i t y  a t  the  core  
su r face  (r = 3471 km), us ing  the  e n t i r e  main magnetic f i e l d  wi th  terms 
up t o  n = 6, and the  e n t i r e  s ecu la r  change f i e l d  w i t h  terms up t o  n = 4 .  
The epochs considered and t h e  sources o f  t he  magnetic f i e l d  da t a  f o r  
t h e  epochs are l i s t e d  i n  Table 1. 
Table 1 
SOURCES OF DATA FOR VARIOUS EPOCHS 
Epoch Source of Data 
1885 Mauersberger (1952) 
1912 Mauersberger (1952) 
1933 Vestine,  e t  a l .  (1947) 
1960 Hendricks and Cain (1966) 
Figure 6 shows contours  of  the v e l o c i t y  p o t e n t i a l  JI f o r  a l l  epochs; 
t h i s  part of t h e  v e l o c i t y  i s  perpendicular  t o  t h e  contours .  A l l  t he  
p a t t e r n s  show t h e  same b a s i c  f ea tu re  -- a source o r  upflow over most 
of  t h e  Southern Hemisphere. 
s t rong ,  p e r s i s t e n t  upflow near  the southern  end of  Afr ica .  The s t r e n g t h  
and p o s i t i o n  seem t o  vary only s l i g h t l y ,  though it appears  t h a t  t h e r e  
may be a westward motion of  t h e  center .  There i s  a l s o  a second, smal le r  
c e n t e r  of  upflow i n  t h e  southeast  P a c i f i c ,  bu t  t h i s  shows cons iderably  
more v a r i a t i o n .  The c e n t e r s  of  downflow a r e  more poorly defined. The 
c a l c u l a t i o n s  suggest t h a t  they appear t o  be r a t h e r  v a r i a b l e ,  bu t  t h i s  
f i n d i n g  may be misleading,  and perhaps arises p a r t l y  from magnetic f i e l d  
c h a r t i n g  e r r o r s .  The main center  of downflow ca lcu la t ed  he re  i s  found 
t o  vary  wi th  epoch from the  c e n t r a l  P a c i f i c  t o  South America t o  Europe 
and back t o  the  c e n t r a l  P a c i f i c  again.  The s i m i l a r i t y  of t he  1885 velo-  
c i t y  p a t t e r n  t o  t h a t  of 1960 h i n t s  a t  e i t h e r  a r e p e t i t i o n  of  t h e  p a t t e r n  
o r  a r e a l  in te rmedia te  change near 1900. We hope t o  a t tempt  later an  
Probably the  most s t r i k i n g  f ea tu re  i s  t h e  
-12- 
F i g .  6 -- I r r o t a t i o n a l  part of  c o r e  s u r f a c e  v e l o c i t y  f o r  epochs  1885, 
1912, 1933, and 1960. 
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examination of t h e  l a t t e r  p o s s i b i l i t y .  Changes of  p a t t e r n  w i t h  t i m e  
may a l s o  be r e l a t e d  t o  the  magnetohydrodynamic waves of  Hide (1966). 
However, whi le  w e  have reasonable  confidence i n  t h e  f e a t u r e s  t h a t  per- 
s ist  from one epoch t o  the  next ,  we be l i eve  t h a t  t h e  t r a n s i e n t  f e a t u r e s  
should be regarded wi th  some doubt, s i n c e  they must -- a t  least  i n  some 
degree -- r e f l e c t  t he  presence of  s u b s t a n t i a l  s y s t e m a t i c  and o t h e r  
e r r o r s  known t o  e x i s t  i n  magnetic cha r t s .  
Figure 7 shows t h e  stream l i n e s  of x, where t h e  v e l o c i t y  i s  now 
p a r a l l e l  t o  t he  l i n e s .  The contour i n t e r v a l s  are twice as l a r g e  as 
those  shown i n  Fig. 6, s ince  these  r o t a t i o n a l  v e l o c i t i e s  are somewhat 
l a r g e r  than  the  p o t e n t i a l  v e l o c i t i e s  of Fig.  6 .  The p a t t e r n  t h a t  ap- 
pears  t o  p e r s i s t  here  c o n s i s t s  of four  r o t a t i o n a l  c e l l s :  a counter-  
clockwise c e l l  south of  Af r i ca  extending i n t o  t h e  south A t l a n t i c  and 
South America; another  i n  t h e  c e n t r a l  P a c i f i c ;  a clockwise c e l l  i n  
A f r i c a ;  and another  i n  the  south P a c i f i c .  The middle-epoch c h a r t s  a l s o  
show two a d d i t i o n a l  ce l l s  no r th  of these .  Again t h e r e  appears  t o  be 
a s t r o n g  s i m i l a r i t y  between 1885 and 1960. I f  one regards  t h e  r o t a t i o n a l  
p a t t e r n s  as geos t rophic  i n  o r ig in ,  due t o  C o r i o l i s  forces  i n  reg ions  of  
upflow and downflow, then  t h e  four main ce l l s  would correspond t o  an  
upflow i n  Af r i ca  and a downflow i n  the  P a c i f i c .  Th i s  corresponds some- 
what t o  t h e  v e l o c i t i e s  i n  Fig. 6, al though i n  gene ra l  t h e r e  i s  an addi-  
t i o n a l  northward component i n  the p o t e n t i a l  flow -- t h a t  i s ,  t he  Afr ican  
source i s  i n  the  Southern Hemisphere. O f  course,  a l l  these  p a t t e r n s  are 
only  roughly def ined,  wi th  considerable  dev ia t ion  from one epoch t o  the  
nex t .  
The t h i r d  p a r t  o f  t h e  ve loc i ty ,  t h e  east--west component, i s  shown 
i n  Fig.  8. A l l  epochs show a f a i r l y  s t rong  westward v e l o c i t y  i n  t h e  
Southern Hemisphere wi th  e i t h e r  a n e g l i g i b l e  o r  s m a l l  eastward v e l o c i t y  
i n  mid - l a t i t udes  of t h e  Northern Hemisphere. The l a rge  v e l o c i t i e s  i n  
h i g h  l a t i t u d e s ,  e s p e c i a l l y  not iceable  i n  t h e  middle epochs, are not  f e l t  
t o  be t o o  r e l i a b l e ,  due t o  the  lack of good da ta  i n  those  reg ions ,  so  
w e  w i l l  conf ine  our remarks t o  the mid- and low- la t i tude  v e l o c i t i e s .  
A s  noted i n  t h e  previous sec t ion ,  t hese  p a t t e r n s  d i f f e r  cons iderably  
from t h e  gene ra l ly  accepted westward d r i f t  of about 0.2O/yr i n  a l l  
l a t i t u d e s .  The westward v e l o c i t i e s  t h a t  w e  f i n d  average less than  h a l f  
t h a t  va lue .  
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1912 
F i g .  7 -- R o t a t i o n a l  p a r t  of c o r e  s u r f a c e  v e l o c i t y  minus t h e  westward 
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F i g .  8 -- Westward d r i f t  component of c o r e  s u r f a c e  v e l o c i t y  f o r  
epochs 1885, 1912, 1933, and 1960. 
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I n  view of t h e  pauc i ty  of  information suggest ing the  f l u i d  na tu re  
of  t h e  e a r t h ' s  core ,  i t  i s  p a r t i c u l a r l y  s a t i s f y i n g  t o  f ind  t h a t  t h e  
formulation of v given i n  Eq. 
be i n  r o t a t i o n ,  l eads  t o  c i r c u l a t i o n s  o f  f l u i d  given by r x Q., which 
are r e l a t e d  t o  the  upflows and downflows i n  a manner c o n s i s t e n t  wi th  
t h e  geostrophic  condi t ion.  
widespread Southern Hemisphere upflow and Northern Hemisphere downflow, 
as shown by t h e  westward d r i f t .  The C o r i o l i s  force ,  however, i s  much 
l e s s  dominant here  than  i n  t h e  e a r t h ' s  atmosphere. 
( 4 ) ,  which d id  not assume t h e  e a r t h  t o  
N 
cu 
This  i s  t r u e  even wi th  r e spec t  t o  t h e  more 
The rap id  growth and decay shown f o r  t hese  c a l c u l a t e d  c i r c u l a t i o n s  
may suggest t h e  presence of ' 'core spots"  reminiscent  of  sunspots ,  which 
a l s o  have a remarkably s h o r t  t i m e  cons t an t ,  and may involve cons iderable  
l o c a l  interchange of magnetic and k i n e t i c  ene rg ie s  (Parker,  1955). How 
t h i s  could occur on t h e  s c a l e  represented  he re  by the  c a l c u l a t e d  d i f -  
ferences i n  flow near 1912, as compared wi th  1885 and 1960, i s  not  a t  
a l l  c l e a r .  However, t h e  inc rease  i n  t h e  ra te  of t he  e a r t h ' s  r o t a t i o n  
near  1910, and the  l e s sen ing  of t he  ra te  of westward d r i f t  of t he  core  
suggested by  the  long i tud ina l  motion of  t h e  e c c e n t r i c  d ipole  i n  the  
per iod  1885-1950 (Vest ine,  1962), po in t  toward a s u b s t a n t i a l  change i n  
angular  momentum of the  core .  
It would be  of i n t e r e s t  t o  a t tempt  t o  improve the  estimate of t h e  
ra te  of westward d r i f t  near  1910, which p resen t ly  rests so heav i ly  and 
in secu re ly  upon the  westward d r i f t  o f  the  second-degree harmonic i n  the  
a n a l y t i c a l  r ep resen ta t ion  of the f i e l d  t h a t  i s  inhe ren t  i n  t h e  e c c e n t r i c  
d ipo le  model. A s  Richmond (1966) has  shown, e s t ima tes  made us ing  
methods such as those of Bul la rd ,  e t  a l .  (1950) a l s o  appear t o  r e l y  
heav i ly  on the  second-degree harmonic motion, when made f o r  motion 
es t imated  a t  t h e  e a r t h ' s  su r f ace .  
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